The high temperature deformation behavior of a fine-grained and particle-dispersed V-2.3%Y-4%Ti-3%Mo (mass%) alloy was investigated. The alloy was fabricated by powder metallurgical methods utilizing mechanical alloying and hot isostatic pressing (HIP), followed by annealing at 1273 K for 3.6 ks. Tensile tests were performed at temperatures from 873 to 1273 K at initial strain rates from 2:5 Â 10 À5 to 1:0 Â 10 À1 s À1 . X-ray diffraction analyses show that the HIPed and annealed specimens contain a significant amount of (Y, Ti) 2 O 3 and small amounts of YN, Ti 2 O 3 and TiO. Transmission electron microscopy observations show that the matrix contains approximately 3%Ti and 3%Mo in solution and that the average diameters of the matrix grains and dispersoids are about 620 and 42 nm, respectively. Tensile test results show that the yield stress depends strongly on test temperature and strain rate. From the dependence of the yield stress measured at 1073 and 1273 K on plastic strain rate, it is found that the dependence is divided into three regions with different deformation controlling mechanisms: a recovery controlling process of a long range internal stress field associated with dispersed particle (the high-strain-rate region), grain boundary sliding (the medium-strain-rate region) and presumably solute atmosphere dragging (the low-strain-rate region). Effects of 4%Ti addition on the microstructures and high temperature deformation behavior are discussed.
Introduction
Vanadium and its alloys are attractive candidate materials for fusion reactor structural applications because of their inherently low-induced activation characteristics, large thermal stress factor 1) and high fracture toughness prior to irradiation. [2] [3] [4] For their applications, however, it is required to improve the resistances to both radiation embrittlement and strength decrease at high temperatures.
The authors have processed vanadium alloys with very fine grains and dispersed particles of Y 2 O 3 and YN by powder metallurgical methods utilizing mechanical alloying (MA) and hot isostatic pressing (HIP) in light of the alleviation of these problems. [5] [6] [7] [8] [9] The fabricated alloys were confirmed to exhibit good resistance against neutron irradiation to 0.25 and 0.60 displacement per atom (dpa) at 563 and 873 K. 6, 10, 11) In addition, the alloys showed a stable microstructure for annealing up to 1573 K and good ductility in the HIPed and annealed state (no plastic working) that is due to a solute (oxygen and nitrogen) free V matrix phase. [6] [7] [8] Regarding the high temperature strength of the fabricated alloys it was found that up to around 1023 K V-(1.7-2.4)Y (in mass%) alloys exhibited higher strengths than V-4Cr-4Ti (Nifs heat-1), 3, 12) however above 1173 K the alloys showed lower strengths than a solution hardened V-4Cr-4Ti. 9) Studies of deformation controlling mechanisms showed that the deformation mode of the V-Y alloys changed from a recovery controlling process of a long-range internal stress field to grain boundary sliding. 9) It was thus likely that the lower strength above 1173 K was attributed to grain boundary sliding caused by a very fine grain size and much less solution hardening. Our recent studies showed that the high temperature yield strength of V-1.7Y-2.1Ti with approximately 1%Ti in solution, where Ti is a solution hardening and low activation element, was appreciably higher than that expected from the grain size dependence of the yield stress of V-1.7Y without Ti addition, especially at 1273 K. 13) This strength increase of V-1.7Y-2.1T is likely due to the effect of solution hardening by Ti. Solution hardening significantly contributes to high temperature strength and is an important mechanism for improvement of the strength. The elucidation of the high temperature deformation behavior of solution hardened V alloys with fine grains and fine dispersoids can be hence considered to provide valuable findings useful for improvement of the high temperature strength.
In this study a 4%Ti added V-2.4Y alloy with fine grains and dispersoids of (Y, Ti) 2 O 3 , YN, Ti 2 O 3 and TiO was fabricated and the high temperature deformation behavior of the alloy was investigated over wide temperature and strain rate ranges.
Experimental Procedure

Specimens
Powders of pure V (0.106 mass%O, 0.0191 mass%N), Y (1.39 mass%O, 0.052 mass%N), Ti (0.347 mass%O, 0.017 mass%N) and Y 2 O 3 were used as the starting materials. They were mixed to provide a nominal composition of V-2.5%Y-4%Ti in a specially designed glove box, where the inside wall and all the necessities including MA vessels and balls, spoons and a balance were degassed before introducing a purified H 2 gas (99.99999%). The mixed powder and balls made of TZM (Mo-0.5%Ti-0.1%Zr) were charged into TZM milling vessels in the glove box. The vessels were subjected to MA with a three mutually perpendicular directions agitation ball mill for 144 ks in the H 2 atmosphere. The MA processed powder was enclosed in a mild steel capsule (approximately 35 mm in diameter and 53 mm in height), which was TIG weld sealed in a vacuum. The sealed capsule was HIPed at 1273 K and 196 MPa for 10.8 ks in an Ar atmosphere. The HIPed compact had the dimensions of 25 mm in diameter and 25 mm in height.
The as-HIPed compact was machined to prepare specimens for X-ray diffraction (XRD) analyses, microstructural observations by transmission electron microscopy (TEM) and tensile tests. Thin foils for TEM were prepared by twinjet electropolishing using a solution of 20 vol% H 2 SO 4 and 80 vol% C 2 H 5 OH at approximately 278 K and 40 V. Miniaturized tensile specimens had the dimensions of 4:0 mm Â 0:5 mm Â 16 mm with the gage section of 1:2 Â 0:5 mm Â 5:0 mm. 7) All the specimens were wrapped with Zr and Ta foils and annealed at 1273 K for 3.6 ks in a vacuum of approximately 2:4 Â 10 À4 Pa. Table 1 shows the chemical composition of the HIPed and annealed specimen of V-2.3Y-4Ti-3Mo together with that of V-2.4Y-3.4Mo without Ti addition reported previously.
9) The content of Mo was introduced as an impurity from the TZM milling ball and vessel. Assuming that all of the O and N in Table 1 are consumed to form Y 2 O 3 and YN, the volume fractions of Y 2 O 3 and YN are calculated to be 2.9 and 0.2%, respectively, by using the value of relative density 99.5% for V-Y alloys. [5] [6] [7] The resultant uncombined Y is approximately 0.24%.
2.2
Microstructures and mechanical property evaluation X-ray diffraction analyses were performed with CuK radiation at 30 kV, 250 mA, a step angle of 0.02 degree and a counting time of 10 s/step. TEM observations were made by JEM-2000EX operating at 200 kV. Tensile testing was performed at initial strain rates from 2:5 Â 10 À5 to 1:0 Â 10 À1 s À1 at temperatures from 873 to 1273 K. For high temperature tensile tests, each of the specimens was set to a tensile fixture made of high-purity and high-strength graphite and heated by radio-frequency induction in a vacuum better than 3 Â 10 À4 Pa. For the setting, Ta and Zr foils having the dimensions identical to the tensile specimen and being separable into two parts were placed in order to suppress picking-up of gaseous interstitial impurities from the surroundings during the test, where the Ta foils were in touch with the specimen surfaces. The temperature was kept uniform throughout the specimen by using a graphite susceptor and controlled by the PID method. The temperature of the specimen was monitored by measuring the surface temperature of the specimen through a hole perforated on the side of the susceptor with an optical pyrometer.
Results and Discussion
Microstructures
XRD analyses were performed to identify the phases that exist in three kinds of the processing stages: the powder mixture before MA, the MA processed powder and the HIPed and annealed specimen. The results are shown in Fig. 1 . Before MA in Fig. 1(a) , all the starting materials were identified from the distinct peaks. After MA in Fig. 1(b) , the intensities of the peaks observed before MA drastically decrease except for V. The diffraction angle corresponding to the peak of V(110) shifts to a lower angle. This peak shift means that the added elements of Y, Ti and Y 2 O 3 are dissolved into V and the lattice expansion of V consequently occurs. Since the Y concentration in V, approximately 2.4% (Table 1) , is far beyond the equilibrium value, which is extremely small according to the V-Y phase diagram, the V powder is highly supersaturated with Y in the as-mechanically alloyed state. 7) In addition, very small peaks of Ti and Y 2 O 3 are also observed. This implies that the selected MA time is slightly insufficient for all of the added powders to dissolve into the V matrix. Distinct peaks of Mo and V 2 H are newly detected. The Mo peaks correspond to 3%Mo (Table 1) introduced from the milling TZM vessel and balls during MA. The emergence of the V 2 H peak, which appears around the Mo peak of 41 degrees, indicates that the MA process in the purified hydrogen atmosphere causes hydride formation.
After HIP in Figs with Y. On the other hand, the peaks of Mo and Ti completely disappear. This indicates that all of the insolvable Ti and contaminant Mo fragments dissolved into the matrix. The diffraction angle of the resultant V(110) peak is almost the same as that in the MA powder. Since the atomic radii of Mo, Ti and Y are larger than that of V, it can be conjectured that the lattice expansion due to Mo dissolution into the matrix was compensated by the lattice contraction due to the removal of solute Y and Ti from the matrix. Figure 2 shows a TEM bright field image taken from the HIPed and annealed specimen. Many dispersoids of different sizes are observed inside the grain and on grain boundaries. respectively. The diameter of the dispersoids ranges from about 10 to 420 nm. The average diameters of the dispersoids and grains are 42 and 620 nm, respectively, which are considerably larger than those of V-2.4Y-3.4Mo (13.5 and 268 nm, respectively). 9) According to the volume fraction and average diameter of the dispersoids in V-2.3Y-4Ti-3Mo, the number density of the dispersoids was evaluated to be 1:2 Â 10 20 m À3 . This number density is much smaller than that of V-2.4Y-3.4Mo (7:16 Â 10 23 m À3 ), 9) in spite of no significant difference in O content between V-2.3Y-4Ti-3Mo and V-2.4Y-3.4Mo. The low number density of dispersoids diminishes the pinning effect against the grain growth of the matrix and results in the larger grain size of V-2.3Y-4Ti-3Mo. The microstructural parameters, together with those for V-2.4Y-3.4Mo, are listed in Table 2 . The composition of the matrix was analyzed by energy dispersive X-ray spectroscopy (EDS). The result is shown in Table 3 , which indicates that 2.9% Ti dissolves in the matrix. Since the alloy contains 4.04% Ti, approximately 1% Ti was consumed to form oxide particles: As mentioned above, some of the Ti atoms dissolved in the matrix by MA were consumed to form (Y, Ti) 2 O 3 , whereas the insolvable Ti after MA were consumed to form Ti 2 O 3 and TiO. The sum of both Ti contents should correspond to approximately 1% Ti.
On the other hand, the Mo content detected by EDS is 0.5%, which is considerably lower than 3.02% (Tables 1  and 3 ). This indicates that Mo atoms are dissolved inhomogeneously in the matrix. The reason for the inhomogeneous dissolution of Mo is considered as follows. The XRD results showed no peaks of Mo in the HIPed and annealed specimen. The Mo fragments introduced from the milling vessels and balls were fairly large as they were observable with naked eyes. Since Mo has much higher melting point than V and Ti, the distance of diffusion of Mo during HIP and the subsequent annealing at 1273 K should be limited and hence the inhomogeneous distribution of Mo occurred.
Considering the result that the dispersoids in V-2.3Y-4Ti-3Mo are considerably larger in size and much lower in number density than those in V-2.4Y-3.4Mo without Ti addition, we can say that Ti has the detrimental effect of increasing the size of dispersoids probably due to higher diffusivity of Ti than Y and significantly decreasing the number density of dispersoids.
High temperature deformation
Engineering stress-strain curves obtained at various test temperatures at the initial strain rate of approximately 1 Â 10 À3 s À1 for V-2.3Y-4Ti-3Mo are shown in Fig. 6 . The flow stress (ultimate tensile stress) is as high as approximately 450 MPa at 873 K and 350 MPa at 973 K, but it decreases significantly with increasing temperature. In particular, the flow stress at 1273 K decreases to approximately 30 MPa. As for the total elongation, the value at 973 K is the minimum of 16%, and the maximum of 71% at 1273 K.
The test temperature dependence of the yield stress, y , which corresponds to the 0.2% proof stress, is shown in Fig. 7 , together with that for V-2.4Y-3.4Mo 8) for comparison. There is a significant difference in y at 873 K between both alloys. The difference is attributable to the effects of grain-size strengthening and dispersion strengthening because V-2.3Y-4Ti-3Mo exhibits larger grain size and much less particle number density than V-2.4Y-3.4Mo. It should be noted that even at high temperatures up to 1273 K V-2.4Y-3.4Mo still exhibits higher strength than V-2.3Y-4Ti-3Mo. In view of the aspect that for high temperature deformation finer grains may lead to strength decrease due to grain boundary sliding, two possible explanations should be considered. One is that grain boundary sliding may be significant at a large plastic strain and hence the deformation at 0.2% plastic strain is not essentially affected by grain boundary sliding, but is controlled by dislocation movements in grain interior where dispersed particles are the dominant resistance (dispersion strengthening). The other is that grain boundary sliding may occur even at 0.2% plastic strain, but its occurrence is inhibited in V-2.4Y-3.4Mo in a larger degree than in V-2.3Y-4Ti-3Mo because V-2.4Y-3.4Mo has much higher number density of dispersoids than V-2.3Y-4Ti-3Mo. In order to make further discussion, we investigated the deformation mechanism that governs the yield stress. Figure 8 shows a plot of the yield stress normalized by the Young's modulus ( y =E) against the reciprocal of test temperature for V-2.3Y-4Ti-3Mo and V-2.4Y-3.4Mo. The temperature dependence of the yield stress is divided into three regions for both alloys; I, II and III. The normalized yield stress in the regions II and III exhibits significant temperature dependence and hence can be treated as the thermally activated process. Figure 9 shows the plastic-strain rate dependence of y =E at 1073 and 1273 K that are the representative temperatures of regions II and III, respectively. The plastic strain rate _ " " p is expressed by
where _ " " a and d=d" a are the apparent strain rate (or the imposed strain rate) and the work hardening rate, respectively, at the plastic strain of 0.2%. K is the combined machine stiffness of the machine assembly including the specimen. It is obvious that at 1073 and 1273 K the dependence is divided into three regions that have linear relationships with different slopes: the high-, medium-and low-strain-rate regions. At 1073 K the high-strain-rate region is dominant (> 2 Â 10 À4 s À1 ), the medium-strain-rate region is limited (>1 Â 10 À4 s À1 , < 2 Â 10 À4 s À1 ) and the lowstrain-rate region is below 1 Â 10 À4 s À1 . At 1273 K the highstrain-rate region is above 2 Â 10 À2 s À1 , the medium-strainrate region is rather dominant (>7 Â 10 À4 s À1 , < 2 Â 10 À2 s À1 ) and the low-strain-rate region extends below 7 Â 10 À4 s À1 . It should be noted that the transition strain-rates between the regions depend strongly on temperature and tend to shift to higher strain rates with increasing temperature. A linear relationship between logð y =EÞ and log _ " " p indicates that
where n is the stress exponent. As seen from Fig. 9 , at 1073 K the n value is approximately 8 in the high-strain-rate region and approximately 1 in the medium-strain-rate region. These results suggest that at 1073 K the deformation in the high-strain-rate region is controlled by a recovery process of a long range internal stress field associated with the dispersed particles and the deformation in the mediumstrain-rate region by grain boundary sliding. 14, 15) In the lowstrain-rate region, the n value appears to be around 4 although the data points are not enough to allow the precise evaluation of n. In view of the aspect that V-2.3Y-4Ti-3Mo dissolves 3%Ti and 3%Mo and the n value of $4 can be associated with the solute atmosphere dragging mechanism, it is presumed that the deformation in the low-strain-rate region is controlled by solute atmosphere dragging. At 1273 K, on the other hand, the n value is approximately 2 in the medium-strain-rate region and approximately 4 in the low-strain-rate region. These results suggest that the deformation modes in the medium-and the low-strain-rate regions are grain boundary sliding and solute atmosphere dragging, respectively. 14, 15) It appears that the occurrence of the low-strain-rate region in the regions II and III favors the beneficial effect of suppressing strength decrease due to grain boundary sliding by enhancing the effect of solute atmosphere dragging. Therefore the effect of 4%Ti addition on the high temperature deformation behavior can be recognized as the occurrence of 
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(A) Fig. 9 Dependence of the yield stress normalized by the Young's modulus on plastic strain rate at 1073 and 1273 K. The marks A and B represent the plastic strain rate used in the measurements of temperature dependence of the yield stress in Fig. 8 .
the low-strain-rate region at 1073 and 1273 K, although some of the effect is likely due to solute 3%Mo. In Figs. 7 and 8 , the results at 1073 and 1273 K were measured at the plastic strain rates of 3:4 Â 10 À4 and 5:5 Â 10 À4 s À1 , respectively, which are marked by two vertical lines in Fig. 9 . The intersections of the vertical line with the data plots provide the regions that are active for the deformation at 1073 and 1273 K shown in Figs. 7 and 8 . The resultant regions are the high-strain rate region at 1073 K, where the deformation is controlled by the recovery process of a long range internal stress field associated with the dispersed particles, and the low-strain-rate region at 1273 K, where the deformation is controlled by solute atmosphere dragging. This indicates that the temperature dependence of the yield stress in Fig. 7 and the regions II and III in Fig. 8 does not involve grain boundary sliding. Therefore, the significance of a high number density of dispersed particles for the high temperature deformation should be emphasized.
In order to evaluate the apparent activation energy for the high temperature deformation of V-2.3Y-4Ti-3Mo, we assume the following relationship that can express the observed temperature and strain rate dependence of the normalized yield stress:
where Q is the apparent activation energy for deformation, A a constant, R the gas constant and T the temperature. Equation (3) can be rewritten into
From eq. (4) and the results shown in Figs. 8 and 9 the apparent activation energy values for deformation in the regions II and III were determined to be 410 and 420 kJ/mol, respectively. These values are larger than those of interdiffusion of Ti in V (280 kJ/mol) 16) and self-diffusion of V (300 kJ/mol). 16) This suggests that the present discussion on the deformation controlling mechanism is based on the stress exponent of strain rate dependence of yield stress, but is not based on the activation energy for deformation. Therefore, the reasons for the higher values of the measured activation energy should be studied further.
Conclusions
The effects of 4%Ti addition on the microstructures and high temperature deformation behavior of fine grained and particle dispersed V alloys were investigated. A V-2.3Y-4Ti-3Mo (mass%) alloy was fabricated by MA and HIP processes and subjected to XRD, TEM observations and tensile tests at temperatures from 873 to 1273 K at initial strain rates from 2:5 Â 10 À5 to 1:0 Â 10 À1 s À1 . The results were compared with those for V-2.4Y-3.4Mo without Ti addition reported previously. The main results obtained are as follows.
(1) V-2.3Y-4Ti-3Mo contains solutes of 3%Ti and 3%Mo and dispersoids of a large amount of (Y, Ti) 2 O 3 and small amounts of YN, Ti 2 O 3 and TiO. The average grain size is 620 nm, and the average diameter and number density of the dispersoids are 42 nm and 1:2 Â 10 20 m À3 , respectively. The grain and particle sizes are considerably larger and the number density is much lower than those for V-2.4Y-3Mo. This indicates that Ti has the detrimental effect of increasing the size of dispersoids probably due to higher diffusivity of Ti than Y and significantly decreasing the number density of dispersoids. (2) The yield stress of V-2.3Y-4Ti-3Mo is lower than that of V-2.4Y-3Mo over the test temperature range. The lower yield stress is attributable to much less number density of disperosoids. The test temperature dependence of the yield stress normalized by the Young's modulus is divided into three regions, I, II and III, where the regions of II and III can be treated as thermally activated processes. (3) The plastic strain rate dependence of the normalized yield stress in the regions II and III is divided into three regions with different stress exponents, suggesting three different deformation controlling mechanisms: the recovery processes of a long range internal stress field associated with dispersed particles (the high-strain-rate region), grain boundary sliding (the medium-strain-rate region) and presumably solute atmosphere dragging (the low-strain-rate region). The transition temperatures between the regions depend strongly on test temperature and tend to shift to higher strain rates with increasing temperature. (4) The occurrence of the low-strain-rate region has the beneficial effect of 4%Ti addition because it favors the suppression of strength decrease due to grain boundary sliding by enhancing the effect of solute atmosphere dragging for V-2.3Y-4Ti-3Mo. (5) The apparent activation energies for deformation in the regions II and III are 410 and 420 kJ/mol, respectively. These values are larger than those of interdiffusion of Ti in V (280 kJ/mol) and self-diffusion of V (300 kJ/mol).
